Abstract-Several previous studies have demonstrated sex differences in cardiovascular autonomic control in healthy young women, but little is known about the regulation of blood pressure in hypertensive elderly women, who have the greatest risk of adverse cardiovascular events. Therefore, we examined sex differences in physiological responses to upright tilt in 21 healthy (13 men and 8 women), 22 controlled hypertensive (10 men and 12 women), and 18 uncontrolled hypertensive (9 men and 9 women) elderly men and women. Of these, 19 normotensives, 18 controlled hypertensives, and 14 uncontrolled hypertensives completed 6 months of observation or pharmacological therapy for uncontrolled hypertension. All of the subjects underwent continuous monitoring of cardiac (RR) interval (ECG), finger arterial pressure (photoplethysmography), and stroke volume (transthoracic impedance) and periodic measurements of forearm blood flow (venous occlusion plethysmography) while resting supine and during a graded head-up tilt. Blood pressure and RR-interval power spectra were computed. Baroreflex gain was estimated by the cross-spectral and sequence methods. In contrast to other groups, elderly hypertensive women increased systemic vascular resistance during tilt. This response was associated with greater low-frequency systolic pressure variability, a presumed marker of sympathetic vascular control. After 6 months of successful antihypertensive therapy, women showed attenuation of the systemic vascular resistance response and a reduction in low-frequency systolic blood pressure variability to levels similar to men and normotensive controls. These results highlight the beneficial effects of antihypertensive therapy on the systemic vasculature, particularly for elderly women in whom enhanced vasoreactivity may contribute to excessive cardiovascular morbidity and mortality. Key Words: gender Ⅲ baroreflex Ⅲ aging Ⅲ angiotensin converting enzyme Ⅲ blood pressure Ⅲ sympathetic nervous system A lthough premenopausal women have a lower incidence of cardiovascular disease than men, this difference narrows after menopause and is reversed in later life. 1 In fact, cardiovascular disease is the leading cause of death among women in industrialized countries of the world. 2,3 Data from the Framingham Study show a higher prevalence of hypertension in elderly women than men. 2 For any given level of blood pressure (BP), white women have been shown to have a higher age-adjusted relative risk of coronary artery disease death than white men. 4 Therefore, it is important to understand the physiological mechanisms underlying hypertension and its consequences in older women and how these respond to antihypertensive therapy.
A lthough premenopausal women have a lower incidence of cardiovascular disease than men, this difference narrows after menopause and is reversed in later life. 1 In fact, cardiovascular disease is the leading cause of death among women in industrialized countries of the world. 2, 3 Data from the Framingham Study show a higher prevalence of hypertension in elderly women than men. 2 For any given level of blood pressure (BP), white women have been shown to have a higher age-adjusted relative risk of coronary artery disease death than white men. 4 Therefore, it is important to understand the physiological mechanisms underlying hypertension and its consequences in older women and how these respond to antihypertensive therapy.
Over the past decade, several research studies have demonstrated sex differences in cardiovascular autonomic control, but their relationship to the development of hypertension and adverse cardiovascular events in elderly women has not been well studied. These differences include lower resting muscle sympathetic nerve 5 and sympathoadrenal activity, 6 a greater parasympathetic influence on heart rate, 7, 8 and reduced cardiovagal baroreflex gain 6, 9 in women, all of which would seem to protect against the development of hypertension. In fact, we and others have found that women are more likely to have orthostatic hypotension compared with men. 7, 10 Because most previous studies have examined normal young subjects, little is known about the cardiovascular responses of hypertensive elderly women to orthostatic stress. Moreover, sex-specific responses to antihypertensive treatment are poorly understood. Therefore, we examined sex differences in physiological responses to upright tilt in healthy, controlled hypertensive and uncontrolled hypertensive elderly men and women during a baseline period and then after 6 months of observation or pharmacological BP control.
Methods

Design
The study was a prospective 3-group comparison of the effect of pharmacological BP reduction versus observation over a 6-month period on cardiovascular responses to a graded head-up tilt. This was part of a larger study of the effects of hypertension and its treatment on the cerebral circulation, which was published previously. 11 Elderly subjects were assigned to 3 groups on the basis of the average of 3 BP measures during 3 screening visits, Ϸ1 week apart: "normotensives" (BP Ͻ140/90 mm Hg), on no BP lowering medications; "controlled hypertensives," well-controlled hypertension (BP Ͻ140/90 mm Hg) on chronic BP-lowering medications; and "uncontrolled hypertensives," with systolic BP Ͼ160 mm Hg with or without BP-lowering medications.
Subjects
Subjects Ն65 years of age were recruited from the Harvard Cooperative Program on Aging subject registry, through newspaper advertisements, and from elderly housing sites and physician practices. All of the potential subjects underwent a screening physical examination, laboratory profile, ECG, echocardiogram, and color Duplex carotid ultrasound. They were excluded from the study if they had clinical evidence of heart failure (by history, medication profile, x-ray report, wall motion abnormalities on echocardiogram, or physical evidence of rales, JVD, or a cardiac gallop), hemodynamically significant valvular heart disease (by echocardiogram), cerebrovascular disease or multiinfarct dementia (by history and neurological examination), Alzheimer's disease, carotid disease (Ͼ50% stenosis by carotid ultrasound), angina, myocardial infarction, wall motion abnormalities by echocardiogram, chronic lung disease, history of smoking within the past 10 years, diabetes, Parkinson's disease, autonomic failure, a pacemaker, severe hypertension [systolic BP (SBP) Ͼ200 and/or diastolic BP (DBP) Ͼ110 or on Ͼ2 drugs for BP control], peripheral vascular disease (claudication and absent peripheral pulses), or if they were receiving hormone replacement therapy or ␤-blockers.
A total of 61 subjects were studied at baseline, including 21 normotensives (13 men and 8 women), 22 controlled hypertensives (10 men and 12 women), and 18 uncontrolled hypertensives (9 men and 9 women). Of these, 19 normotensives, 18 controlled hypertensives, and 14 uncontrolled hypertensives completed 6 months of observation or pharmacological therapy for uncontrolled hypertension. The primary reasons for withdrawal from the longitudinal study were interim illness, medication changes, newly detected cardiac ectopy, or technical problems during the study. The baseline subject characteristics are shown in Table 1 .
The study was approved by the Hebrew SeniorLife Institutional Review Board, and all of the subjects provided written informed consent. All of the procedures followed were in accordance with institutional guidelines.
Medication Management
If uncontrolled hypertensives were taking medications that were ineffective, these were tapered over 2 weeks, while a research nurse, using an automated machine and diary at home, carefully monitored BP. These subjects were drug-free for Ն2 weeks before returning for the baseline protocol. Controlled hypertensives whose BP was well controlled on medications continued the same medication regimen throughout the study. All 3 groups of subjects underwent 2 tilt studies: 1 at baseline and 1 after 6 months of effective antihypertensive therapy or observation (normotensive group).
After the baseline tilt study, uncontrolled hypertensives were started on lisinopril and instructed in medication administration and follow-up. Subjects returned to the laboratory weekly over a 4-to 6-week period for drug titration until their BP reached its target range. Lisinopril was increased in weekly increments from 10 to 40 mg. If this did not achieve a BP Ͻ140/90 mm Hg, hydrochlorothiazide 25 to 50 mg was added. If a third medication was needed, amlodipine 5 to 10 mg was used. If lisinopril was not tolerated, an angiotensin receptor blocker was used. The aim of the study was to examine the effect of BP control rather than the effect of any 1 agent. After BP control was achieved, the 6-month treatment period began. These subjects returned monthly for BP checks, safety monitoring, symptom questionnaires, and compliance assessments. All of the subjects were seen at 3 and 6 months for BP monitoring and routine blood tests, including electrolytes, urea nitrogen, and creatinine measurements.
Experimental Protocols
For the baseline study and at the end of the 6-month treatment or observation period, subjects reported to the Hebrew SeniorLife cardiovascular research laboratory at 8:30 AM, Ն2 hours after taking their medication and a light breakfast. Both the baseline and follow-up tilt study were conducted at the same time of day, under identical conditions, in a temperature-controlled room.
While lying supine, instrumentation was applied for the following measurements. Heart rate was measured from a 3-lead ECG. Beatto-beat arterial pressure was determined noninvasively from the middle finger of the nondominant hand, using a photoplethysmographic noninvasive pressure monitor (Finapres), supported by a sling at the level of the right atrium to eliminate hydrostatic pressure effects. This technique provides values that correlate with directly measured radial artery BPs. 12 Finapres measurements were initially corroborated by standard measurements of arterial pressure with an oscillometric cuff on the upper arm (Dynamap). Forearm blood flow (FBF) was determined on the other arm by venous occlusion plethysmography using a Hokanson plethysmograph and the procedure of Whitney. 13 Cuffs were placed on the upper arm and wrist, and a mercury-in-silastic strain gauge was attached to the forearm. The arm was supported above the level of the right atrium to allow for adequate venous drainage. The wrist cuff was inflated to a pressure of Ϸ20 mm Hg above arterial pressure to exclude hand blood flow, then a minimum of 1 minute later, the upper arm cuff was inflated rapidly to a venous occlusion pressure of 40 mm Hg. The strain gauge displacement during the venous occlusion represents FBF. Forearm vascular resistance was calculated from the mean arterial pressure divided by FBF.
Transthoracic Impedance
Because of the marked sensitivity of electrical resistance to liquid content, alterations in transthoracic impedance (Zo) can be used to estimate cardiac stroke volume (SV). This noninvasive technique has been used extensively to study the hemodynamic response to orthostatic stress in subjects of all ages. Transthoracic impedance was determined during tilt with an impedance cardiograph (Sorba Medical Systems). Four electrodes were placed on the subject: 2 on the forehead and thigh generating a small current and 2 sensing electrodes at the base of the neck and the midaxillary line at the level of the xiphoid. The SV is computed from its relation to the resistivity of blood (R), the length between the inner electrodes (L), the cardiac ejection time (T), and the change in impedance with each beat of the heart (dZ/dt), according to the expression SVϭRϫ(L 2 /Zo 2 )ϫTϫdZ/dt. Cardiac output (CO) was computed from the product of SV and heart rate and cardiac index by dividing CO by body surface area. Systemic vascular resistance (SVR) was determined from the mean arterial pressure divided by CO.
Carotid Distensibility and Stiffness
These were measured as described previously 11, 14 using Duplex Doppler ultrasonography to measure beat-to-beat carotid diameter and the Finapres to measure beat-to-beat arterial pressure. Carotid distensibility was calculated as the relative change in carotid diameter during each heartbeat, divided by pulse pressure, according to the formula: [2(DsϪDd)/Dd]/(SBPϪDBP). Stiffness was calculated as: log e (SBP/DBP)ϫDd/(DsϪDd).
Graded Tilt
After a 10-minute supine rest to reach equilibrium, subjects underwent 3 successive 10-minute tilts at angles of 20°, 40°, and 60°. During each 10-minute segment, continuous RR interval, continuous BP, average SV, and FBF were measured. All of the data were displayed and digitized in real time at 250 Hz using commercially available data acquisition software (Windaq, Dataq Instruments) on a personal computer (NEC Pentium 90 MHZ). Beat-to-beat heart rate and systolic and diastolic pressures were determined from the R wave of the ECG and the maximum and minimum of the arterial pressure waveform.
Analyses
Frequency Analysis
We used frequency analyses of continuous RR interval and BP data to examine low-and high-frequency components of the RR interval and BP variability. The amplitude of low-frequency BP oscillations (0.04 to 0.15 Hz) can be used as a measure of baroreflex-mediated sympathetic control of the vasculature, and the amplitude of highfrequency RR interval oscillations (0.15 to 0.40 Hz) can be used to assess vagal control of the heart (respiratory sinus arrhythmia). 15 All of the data segments were visually inspected and edited for artifact and ectopy, and only stationary data were used for this analysis. A power spectrum analysis technique based on the Welch algorithm of averaging periodograms was used. The RR interval and systolic pressure time series were interpolated at 5 Hz to obtain equidistant time intervals and then divided into 3 equal overlapping segments. Each segment was detrended, Hanning filtered, and fast-Fourier transformed to its frequency representation squared. The periodograms were then averaged to produce the spectrum estimate.
Baroreflex Gain: Cross-Spectral Method
The beat-to-beat relation between low-frequency BP and RR interval oscillations can be used as a measure of cardiovagal baroreflex gain. This can be quantified using coherence analyses and computing the transfer function between the signals. Coherence between lowfrequency BP and the RR interval was calculated from the cross-spectra and autospectra of stationary data segments using the following formula: Coherenceϭ(cross-spectra) 2 /(input signal autospectrum)ϫ(output signal autospectrum). The signals were considered coherent over the frequencies at which coherence values exceed 0.5. The transfer function was determined by dividing the cross-spectrum by the input autospectrum. The gain of the transfer function, a measure of baroreflex sensitivity, was calculated for each subject over the low-frequency range (0.04 to 0.15 Hz) where coherence exceeded 0.5.
Baroreflex Gain: Sequence Method
Baroreflex gain was computed by this method for each tilt angle from 0°to 60°using 5 minutes of continuous ECG and BP data. Three or more consecutive heartbeats in which systolic BP and the following RR interval either increased or decreased were identified, and the linear regression for each sequence was determined. The mean of regression slopes was then determined for each subject and used as an index of baroreflex gain. 16, 17 
Statistical Analyses
The baseline supine subject characteristics were compared between groups and between men and women within groups, using a general linear model procedure on SAS software. We examined the relation between group or sex and each of the parameters while controlling for age differences. For spectral measures that were not normally distributed, log transformations were performed before statistical comparisons were made. We also examined the response to 6 months of observation or antihypertensive treatment, using a 2-way repeated-measures ANOVA (PROC MIXED) with group or sex as 1 factor and time as the repeated measure. We used a similar analysis to examine the group and sex-related responses to tilt, with each tilt angle as the repeated measure. Differences were considered statistically significant at PϽ0.05.
Results
Baseline Characteristics and Responses to Tilt
As shown in Table 1 , subjects with uncontrolled hypertension had higher systolic BP than the other 2 groups and higher diastolic BP and mean BP than the normotensive group. Baroreflex sensitivity was lower in the uncontrolled hypertensive compared with the normotensive group. Within all of the groups, women had lower SV than men. Table 2 shows the SBP and RR interval power spectra results for the 3 groups of subjects. High-frequency systolic BP power was higher, whereas high-frequency RR interval power was lower in the uncontrolled hypertensive compared with the normotensive group. The ratio of low/high frequency RR interval power was greater in men compared with women for all of the groups combined. Otherwise, there were no sex-related baseline differences in the study variables.
The cardiovascular responses to graded head-up tilt are shown in Figure 1 . BP was well maintained during tilt in all 3 of the groups, but hypertensive women demonstrated a tendency to increase systolic and mean arterial pressure in contrast to men who tended to decrease. This hypertensive response in women was associated with a significantly greater SVR at all tilt angles as compared with normotensive
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or controlled hypertensive subjects or uncontrolled hypertensive men (Figure 2 ). Whereas SVR was significantly increased, forearm vascular resistance did not significantly increase. Similarly, there were no significant group or sex differences in the heart rate, SV, or cardiac index responses to tilt.
Response to Antihypertensive Treatment
After 6 months of BP control, the formerly hypertensive women no longer experienced excessive increases in BP or SVR during tilt ( Figure 3 ). Their response was the same as the men in their group and all of the subjects in the other groups. In addition, after 6 months of treatment, both men and women hypertensives demonstrated a significant increase in supine carotid artery distensibility in the supine and 60°u pright positions (Figure 4 ). There was a trend toward supine improvement but no significant change in carotid stiffness.
Baroreflex Control of BP
There were no sex differences in baroreflex gain within any subject group by both the sequence and cross-spectral (transfer gain) methods. In all of the groups, men and women showed a decrease in baroreflex gain during tilt. Lowfrequency SBP power was higher in hypertensive women than men at baseline (Pϭ0.04). This decreased to the same level as men after 6 months of successful antihypertensive therapy (Figure 3 ).
Discussion
The results of this study demonstrate that elderly hypertensive women have a tendency toward an orthostatic increase in BP during graded head-up tilt that is associated with a significant increase in SVR. This increase in BP and SVR was not seen in hypertensive men. Furthermore, this response is associated with greater low-frequency systolic BP variability, a presumed marker of sympathetic control of the vasculature. Forearm vascular resistance remained unchanged, despite an increase in SVR. After 6 months of successful antihypertensive therapy, BP fell to normal ranges in both men and women and remained stable during tilt. This improvement in BP regulation was associated with attenuation of the SVR response, improved carotid distensibility, and a reduction in low-frequency systolic BP variability. Our findings are supported by those of Laitinen et al, 18 who incidentally observed that older female subjects had a greater increase in mean arterial BP during a 70 o head-up tilt than older male subjects. Although the purpose of their study was to determine the effect of age on cardiovascular autonomic responses to posture change in healthy subjects, the average systolic BP of their older subjects was 155 mm Hg. Therefore their results, like ours, may be characteristic of hypertensive elderly women. In a previous study we found greater decreases in systolic BP during head-up tilt in healthy normotensive women of all ages compared with men. 7 In the current study, which was limited to elderly subjects, normotensive women had similar responses to men. We postulated that the difference in orthostatic BP and SVR responses between hypertensive men and women might ␣ indicates significant difference between men and women at that tilt angle (PϽ0.05). Uncontrolled hypertensive men and women had significantly different SVR at all levels of tilt during baseline but not after 6 months of antihypertensive treatment.
be because of a sex-related difference in baroreflex gain. In previous studies of young 6, 9 and middle-aged 19 subjects, women had lower baroreflex sensitivity than men, measured by a variety of different methods. Among middle-aged women, baroreflex sensitivity, measured by a cross-spectral method, is lower in hypertensive than normotensive subjects. 20 In the current study, both hypertensive men and women had lower baroreflex sensitivity than normotensive subjects, but we were not able to detect any sex differences. This may be because of our relatively small sample size or the insensitivity of the cross-spectral and sequence methods for assessment of baroreflex control of the vasculature. 21 Because these methods are better measures of the cardiovagal rather than the vascular-sympathetic baroreflex, it remains possible that sex-related differences in vascular baroreflex gain will explain our findings.
Other possible explanations for the sex-related difference in systemic vascular response to head-up tilt in hypertensive subjects include enhanced sensitivity to circulating vasoconstrictors, such as angiotensin or endothelin, and reduced sensitivity to vasodilators, such as acetylcholine or endothelial nitric oxide. Gandhi et al 22 have shown that the renal vasoconstrictor response to angiotensin I and II infusion is greater in young normotensive women compared with men. However, we are unaware of previous studies reporting different vascular responses to angiotensin or other vasoconstrictors in elderly men and women with hypertension.
In support of our findings, 2 previous studies also found greater total peripheral resistance during orthostatic stress in women compared with men. 23, 24 In our study, there was no difference in forearm vascular resistance in hypertensive women and men, suggesting that increases in resistance took place in other vascular beds (eg, splanchnic, skin, etc). In contrast, Convertino 23 reported that both SVR and forearm vascular resistance were increased in women compared with men during lower body negative pressure. However, Convertino 23 studied young healthy women in whom peripheral vascular control was likely unaffected by vascular stiffening or other changes associated with hypertension and aging.
Our results are suggestive of greater vascular sympathetic activity in hypertensive women, which is consistent with the observation that aging may cause women to have more sympathetic nerve activity than men and that this may be responsible for the female predominance of hypertension in advanced age. 25, 26 Although this notion may seem in conflict with the higher ratio of low/high frequency RR interval power found in the men of our current study, it is important to recognize that the lower ratio in women reflects a relatively larger proportion of high-frequency RR interval variability. This finding is consistent with our previous work showing higher cardiac vagal tone in women compared with men. 7 After 6 months of antihypertensive therapy with an angiotensin-converting enzyme inhibitor regimen, BP, SVR, and low-frequency SBP power fell in the hypertensive women to the same level as men. Also, carotid distensibility increased. Previous studies in both animals 27 and humans 28 have shown an inverse relationship between vascular sympathetic activity and arterial distensibility. Therefore, our findings may be because of a reduction in sympathetic tone in the women. It is difficult to explain why men also showed improvements in distensibility without the corresponding changes in vascular resistance and low-frequency SBP power. Unfortunately, we were unable to measure sympathetic nerve activity directly. Another possible explanation for the improvement in distensibility is that treatment with an angiotensin-converting enzyme inhibitor resulted in arterial remodeling. 29 
Perspectives
A heightened vascular response to sympathetic activation during orthostatic stress may contribute to the excessive cardiovascular morbidity and mortality that has been observed in elderly hypertensive women. The additional afterload placed on the left ventricle may contribute to cardiac ischemia, left ventricular hypertrophy, and, ultimately, cardiac decompensation. Notably, our data demonstrate that 6 months of successful antihypertensive therapy attenuates the vascular response, increases carotid distensibility, and reduces low-frequency BP power, presumably because of reduced sympathetic activity. Because previous work demonstrates that reduced carotid distensibility is associated with increased cardiovascular and all-cause mortality, 30 increasing distensibility is likely to be of significant benefit. Our results highlight the beneficial effects of antihypertensive therapy on the systemic vasculature, particularly for elderly women in whom enhanced vasoreactivity may contribute to excessive cardiovascular morbidity and mortality. 
